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Almost 100% conversion of the ethylbenzene and benzene is achieved through the application of
this approach. It is also found that considerable decrease in the reactor length is achieved by
employing a reactor catalyst bed with different bed compositions. Effective operating regions with
optimal conditions are observed. An effective reactor length criterion is used to evaluate the perfor-
mance of the reactor under these optimal conditions. The effective reactor length is found to be sen-
sitive and favored by high feed temperature and pressure. The sensitivity analysis shows that the key
parameters of feed temperature, pressure, and the bed composition play an important role on the
reactor performance. The results also show that almost 100% conversion of ethylbenzene and ben-
zene at low temperature and shorter reactor length can be achieved by maintaining the reactor bedsBRAR, ﬁxed bed reactor with
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Nomenclature
A catalyst bed cross-sectional area, m2
Ci concentration of component i, kmol/m
3
dp catalyst particle diameter, m
Deki Knudsen diffusivity of component i, m
2/s
Deij effective molecular diffusivity of component i,
m2/s
Dei effective diffusivity of component i, m
2/s
Go mass velocity of the gas mixture, kg/m2 s
gc gravitational acceleration, m
2/s
Fi molar ﬂow rate of component i, kmol/s
k1 reaction 1 rate constant, kmol/kg s kPa
k2 reaction 2 rate constant, kmol/kg s
K1 equilibrium constant of reaction 1, kPa
KB chemisorption equilibrium constant of benzene,
kPa1
l catalyst pellet coordinate, m
Lc characteristic length of the catalyst pellet, m
Ni molar ﬂux of component i, kmol/m
2 s
Pi partial pressure of component i, kPa
rj rate of reaction j, kmol/kg s
Sx external surface area of catalyst pellet, m
2
T temperature, K
VP volume of catalyst pellet, m
3
X conversion of component of component i
y mole fraction
z reactor length, m
Z dimensionless reactor length
Greek letters
cji stoichiometric coefﬁcient for species i in reaction j
ek volume fraction of catalyst k
gj effectiveness factor of reaction j
lG viscosity of the gas mixture, kg/m s
qi density of the catalyst i, kg/m
3
/ bed voidage fraction
182 M.E.E. Abasharat different temperatures. This temperature switching policy may result in appreciable energy sav-
ing. Moreover, operating the reactor at low temperature protect the catalyst from the excessive tem-
peratures which have destructive effects on the catalysts and the mechanical stability of the reactors.
Also, the low temperature operation has signiﬁcant contribution to the reduction of the operating
cost.
ª 2011 King Saud University. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Styrene is one of the most important intermediate products
used in many industries such as: polystyrene, unsaturated poly-
esters, styrene acrylonitrile resin (SAN), styrene-divinylbenzene
(S-DVB), styrene-acrylonitrile resin (SAN), styrene butadiene
rubber (SBR), styrene-budadiene latex (SBL) and styrene-iso-
prene-styrene (SIS) (http://www.en.wikipedia.org/wiki/Sty-
rene). Cyclohexane, on the other hand, is used in industry to
manufacture: nylon ﬁbre, nylon molding resin, solvents for
paint, resins, varnish and oils (http://www.en.wikipedia.org/
wiki/Cyclohexane).
Styrene is produced commercially from the catalytic dehy-
drogenation of ethylbenzene (Sheel and Crowe, 1969). The
reaction is endothermic and reversible with increasing number
of moles. The reaction is severely limited by the thermodynamic
equilibrium with a maximum ethylbenzene conversion less than
50% (Dittmeyer et al., 1999). In this case, the styrene produc-
tion can be favored by low pressure, high temperature and
the dilution of the products. There are several ways in which
cyclohexane can be produced. The two most common ways
are the catalytic hydrogenation of benzene and fractional distil-
lation of petroleum.
In recent years, the subject of multifunctional reactors has
received much attention. Examples of multifunctional reactor
are spatially or well-mixed catalyst patterns in ﬁxed bed cata-
lytic reactors (Cote et al., 1999) and membrane reactors (Abda-
lla and Elnashaie, 1993; Becker et al., 1993; Gobina et al., 1995;
Moustafa and Elnashaie, 2000; Abashar, 2002a,b; Abasharet al., 2002). The purpose of these patterns (either physically
mixed or layered) is to introduce dual-functionality, i.e., to
introduce auxiliary reactions for the displacement of the ther-
modynamic equilibrium, heat integration between exothermic
and endothermic and production of more than one product.
Despite the evidence of the catalyst patterns beneﬁts, still these
conﬁgurations are not fully understood and the technology is
not commercially utilized.
The aim of this study is to explore the displacement of the
thermodynamic equilibrium and the enhancement of the ethyl-
benzene and benzene conversions gained by application of
dual-functionality of well-mixed catalyst patterns in a ﬁxed
bed catalytic reactor. To achieve this goal a rigorous heteroge-
neous model based on the dusty gas model is implemented to
study the inﬂuence of various key parameters that are likely to
affect the performance of the reactor.2. Reaction kinetics
2.1. Primary reaction
The rate expression for dehydrogenation of ethylbenzene:
C8H10C8H8 þH2 ð1Þ
is given by (Becker et al., 1993; Gobina et al., 1995; Elnashaie
et al., 2001):
r1 ¼ k1ðP1  P2P3=K1Þ; kmol=kg s ð2Þ
Feed gas
Exit gas
Figure 1 Schematic representation of the ﬁxed bed reactor with
a well-mixed catalyst pattern.
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The rate expression for hydrogenation of benzene:
C6H6 þ 3H2 ! C6H12 ð3Þ
is given by (Marangozis et al., 1979):
r2 ¼ k2KB P3P4
1þ KBP4ð Þ P3 þ P4ð Þ ; kmol=kg s ð4Þ
where P1, P2, P3 and P4 are partial pressures (kPa) of ethylben-
zene, styrene, hydrogen and benzene, respectively.
The rate and equilibrium constants are given by:
k1 ¼ 0:01 exp 0:851 10931:76
T
 
; kmol=kg s kPa ð5Þ
k2 ¼ 121:11 exp  6038:65
T
 
; kmol=kg s ð6Þ
K1¼ 100:0
 exp 122725:157126:27T2:19410
3T2
RT
 
; kPa
ð7Þ
KB ¼ 788:0 exp  3019:32
T
 
; kPa1 ð8Þ
where T is the absolute temperature (K).
3. Model development
3.1. Bulk gas phase
A rigorous one-dimensional heterogeneous model based on the
dusty gas model is developed. This model simulates the opera-
tion under steady state and isothermal conditions. Axial diffu-
sion is neglected and the ideal gas behavior is assumed. A
schematic diagram of the ﬁxed bed reactor that contains a
well-mixed catalyst pattern is shown in Fig. 1.
A differential molar balance on the components gives:
dFC8H10
dZ
¼ g1e1q1Að1 /Þzr1 ð9Þ
dFC8H8
dZ
¼ g1e1q1Að1 /Þzr1 ð10Þ
dFH2
dZ
¼ g1e1q1Að1 /Þzr1  3g2e2q2Að1 /Þzr2 ð11Þ
dFC6H6
dZ
¼ g2e2q2Að1 /Þzr2 ð12Þ
dFC6H12
dZ
¼ g2e2q2Að1 /Þzr2 ð13Þ
The Ergun momentum balance equation is used to give the
pressure drop along the reactor:
dP
dZ
¼ 105 ð1 /ÞG
oz
dPe3qGgc
150lGð1 /Þ
dP
þ 1:75Go
 
ð14Þ
where ek is the volume fraction of catalyst k and is given by:
ek ¼ volume of catalyst k in a well mixed catalyst bed
volume of a well mixed catalyst bed
;
k ¼ 1; 2 ð15ÞThe fractional conversions of C8H10 and C6H6 are given by:
XC8H10 ¼
FoC8H10  FC8H10
FoC8H10
ð16Þ
XC6H6 ¼
FoC6H6  FC6H6
FoC6H6
ð17Þ3.2. The dusty gas model for the catalyst pellet
The catalyst pellet governing equations are developed based on
the dusty gas model using the following assumptions:
1. The catalyst pellet is assumed to be at isothermal steady
state conditions.
2. The external mass and heat transfer resistances are assumed
to be negligible.
3. The concentration proﬁles are symmetrical about the center
of the pellet.
4. The ideal gas behavior is assumed.
The intraparticle molar balance differential equations are
expressed as follows:
For catalyst 1:
dN1C8H10
dl
¼ q1r1 ð18Þ
dN1C8H8
dl
¼ q1r1 ð19Þ
dN1H2
dl
¼ q1r1 ð20Þ
N1C6H6 ¼ NSC6H6 ð21Þ
N1C6H12 ¼ NSC6H12 ð22Þ
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dN2C6H6
dl
¼ q2r2 ð23Þ
dN2H2
dl
¼ 3q2r2 ð24Þ
dN2C6H12
dl
¼ q2r2 ð25Þ
N2C8H10 ¼ NSC8H10 ð26Þ
N2C8H8 ¼ NSC8H8 ð27Þ
By using the rigorous dusty gas model, the total diffusive ﬂux
can be written as (Mason and Malinauskas, 1983; Abashar,
1990):
gradCi ¼ Ni
DeKi
þ
Xn¼5
j¼1
i–j
yjNi  yiNj
Deij
; i ¼ 1–5 ð28Þ
with the following boundary conditions:
l ¼ 0; Ni ¼ 0
l ¼ Lc; Ci ¼ Csi ; i ¼ 1–5
ð29Þ
The components are denoted by: 1 for C8H10, 2 for C8H8, 3 for
H2, 4 for C6H6, and 5 for C6H12. The characteristic length Lc is
given by (Aris, 1957):
Lc ¼ VP
SP
ð30Þ
where VP and SP are the volume and external surface area of
the catalyst pellet.
The effective diffusivity of any component ðDei Þ can be ob-
tained from Eq. (28) by dividing its ﬂux by the negative of its
concentration gradient
gradCi
Ni
¼ 1
Dei
¼ 1
DeKi
þ
Xn¼5
j¼1
i–j
yj  yiðNj=NiÞ
Deij
; i ¼ 1–5 ð31Þ
from Eq. (31):
Ni ¼ Dei ðgradCiÞ; i ¼ 1–5 ð32Þ
The effectiveness for reaction j is given by:
gj ¼
R Lc
0
rj dL
Lcr
s
j
; j ¼ 1; 2 ð33Þ0.4
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on3.3. Numerical solution
The ordinary differential equations of the bulk gas phase are
integrated by an IMSL subroutine (DGEAR) based on a Run-
ge–Kutta–Verner ﬁfth and sixth-order method with automaticTable 1 Data for the simulation.
Reactor length 1.0 m
Reactor diameter 2.5 · 102 m
Catalyst pellet diameter 4.0 · 103 m
Porosity of catalyst bed 0.5
Catalyst 1 bulk density 1400 kg/m3
Catalyst 2 bulk density 1200 kg/m3step size and double precision to ensure accuracy. The catalyst
pellet equations resulting from using the dusty gas model are
forming a two-point boundary value problem and solved by
the global orthogonal collocation technique (Villadsen and
Michelsen, 1978). Details of the efﬁcient computation algo-
rithm developed for the dusty gas model is given elsewhere
(Abashar, 1990).
4. Results and discussion
The ﬁxed bed catalytic reactor with well-mixed catalysts pat-
tern conﬁguration is loaded with two distinct discrete types
of pellets that are physical well mixed as shown in Fig. 1.
The data used for this simulation study is shown in Table 1.
In order to distinguish between the catalysts employed in
this investigation, the catalyst used for dehydrogenation of
ethylbenzene (the primary reaction) is considered to be catalyst
1 and that used for the hydrogenation of benzene (the auxiliary
reaction) is catalyst 2.
Fig. 2 shows the performance of the ﬁxed bed reactor with
auxiliary reaction (FBRAR) that contains well mixed catalysts
compared to the conversion of ethylbenzene obtained along
the length of the ﬁxed bed reactor (FBR). For the FBRAR
the composition of the reactor bed is (e1 = 0.85, e2 = 0.15).
As it can be seen the FBR reaches the equilibrium conversion
of 37.29% at the beginning of the reactor at a dimensionless
reactor length of 0.102, i.e., 10.2% from the total length of
the reactor. The reaction is severely limited by thermodynamic
equilibrium and only small part of the reactor is utilized. It is
clear that the auxiliary reaction has signiﬁcant effect on the
displacement of the thermodynamic equilibrium and the sub-
stantial improvement of the performance of the FBRAR is
obvious by the 100% conversion of ethylbenzene achieved.
This signiﬁcant displacement of the thermodynamic equilib-
rium is achieved due to the inﬂuence of hydrogen removal
from the reaction medium by the auxiliary reaction (reaction0.0 0.2 0.4 0.6 0.8 1.0
Dimensionless Reactor Length
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Figure 2 Ethylbenzene conversion proﬁles in the FBR and
FBRAR.
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Investigation of coupling dehydrogenation and hydrogenation 185(2)), i.e., reaction (1) is thermodynamically favored by the re-
moval of hydrogen product in the forward direction according
to Le Chatelier’s principle. From the kinetic point of view the
reduction of partial pressure of hydrogen due to the removal of
hydrogen from the reaction medium increases the rate of con-
sumption of ethylbenzene as shown by Eq. (2). Fig. 3 shows
that, also 100% conversion of benzene is attained by the
FBRAR.
Fig. 4 shows the ethylbenzene conversion proﬁles along the
FBRAR for low concentrations of catalyst 2 (e2 = 0.00, 0.04
and 0.06). As it can be seen that, the addition of small amount
of catalyst 2 to the bed has signiﬁcant impact on improving the
ethylbenzene conversion. Fig. 5 shows the ethylbenzene con-
version proﬁles along the FBRAR for high concentrations of
catalyst 2 (e2 = 0.4, 0.7 and 0.9). It is clearly shown that the
increase of catalyst 2 in the bed to high concentration causes0.0 0.2 0.4 0.6 0.8 1.0
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Figure 4 Ethylbenzene conversion proﬁles along the FBRAR
for low concentration of catalyst 2.
Dimensionless Reactor Length
Figure 5 Ethylbenzene conversion proﬁles along the FBRAR
for high concentration of catalyst 2.
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Figure 3 Benzene conversion proﬁle along the FBRAR.signiﬁcant drop in the exit ethylbenzene conversion. This drop
due to the fact that the increase of catalyst 2 in the bed at the
expense of catalyst 1 in the bed. This important result implies
that the composition of the bed should be optimized.
Fig. 6 shows the exit ethylbenzene conversion varies as a
function of the bed composition for several different feed pres-
sures at relatively low temperature of 700.0 K. All proﬁles
show optimum values as the concentration of catalyst 2 in-
creases. The optimum ethylbenzene conversion increases from
42.32% to 57.69% as the feed pressure increases from 70 to
512.0 kPa, respectively.
Fig. 7 shows the exit ethylbenzene conversion varies as a
function of the bed composition for several different feed pres-
sures at a relatively high temperature of 900.0 K. In this case
the proﬁles form plateaus of 100% conversion of ethylbenzene.0.0 0.2 0.4 0.6 0.8 1.0
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Figure 6 Exit ethylbenzene conversion vs. catalyst 2 concentra-
tion for several feed pressures at 700 K.
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Figure 7 Exit ethylbenzene conversion vs. catalyst 2 concentra-
tion for several feed pressures at 900 K.
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Figure 9 Effect of feed composition and catalyst 2 concentration
on the exit ethylbenzene conversion at 700 K and 140 kPa.
Table 2 Various feed compositions.
Component Feed composition (mol%)
(a) (b) (c) (d)
Ethylbenzene 70 15 15 34
Benzene 15 70 15 33
Hydrogen 15 15 70 33
186 M.E.E. AbasharIt is clear from Figs. 6 and 7 that the feed pressure has a pro-
nounced effect on the exit ethylbenzene conversion.
The exit ethylbenzene conversion varies as a function of the
bed composition for several different feed temperatures (700,
750 and 850 K) is shown in Fig. 8. It is clearly shown that
100% conversion of ethylbenzene is achieved at temperatures
of 750 and 850 K. At 700 and 750 K (relatively low tempera-
tures) the exit conversion forms an optimum value. The results
presented in this ﬁgure indicate the strong effect of feed tem-
perature on the exit ethylbenzene conversion.
The effect of feed composition and catalyst 2 concentra-
tions on the exit ethylbenzene conversion at 700 K and
140 kPa is shown in Fig. 9. Four feed compositions ((a)–(d))
are tested. The feed compositions are presented in Table 2.
The ﬁrst feed composition (a) is rich in ethylbenzene and
lean in benzene and hydrogen. The second feed composition0.0
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Figure 8 Exit ethylbenzene conversion vs. catalyst 2 concentra-
tion for several feed temperatures at 250.0 kPa.(b) is rich in benzene and lean in ethylbenzene and hydrogen.
The third feed composition (c) is rich in hydrogen and lean in
ethylbenzene and benzene. For the fourth composition (case
(d)), the molar feed composition is 34 mol% ethylbenzene,
33 mol% benzene and 33 mol% hydrogen, respectively. These
components are reactants for reactions (1) and (2), and their
selected composition of relatively equal amounts gives them
fair contribution in participating in their corresponding reac-
tions. As it can be seen the composition (d) gives the best per-0.0
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Figure 10 Effect of catalyst 2 concentration and feed composi-
tion on exit ethylbenzene conversion at 900 K and 140 kPa.
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Figure 12 Effect of feed pressure and catalyst 2 concentration on
the dimensionless effective reactor length at low temperature of
700 K.
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optimum value at e2 = 0.431.
Fig. 10 shows the effect of feed composition and catalyst 2
concentration on the exit ethylbenzene conversion at 900 K
and 140 kPa. It is clearly shown that the increase of the feed
temperature favors the performance of the four feed composi-
tions and the feed composition (d) achieves 100% exit ethyl-
benzene conversion. Also the temperature has strong
inﬂuence on the feed composition (b).
As it has been shown in Figs. 5, 7, 8 and 10, there is a wide
range of bed composition, which gives 100% conversion of
ethylbenzene at different operating conditions and reactor
lengths and in some cases far from the reactor exit, i.e., at
shorter reactor lengths. Therefore, in order to investigate the
reactor performance in a uniﬁed way, we deﬁned a dimension-
less effective reactor length (Leff) as the length of the reactor
that gives 99.9% conversion of ethylbenzene. Fig. 11 shows
the effective reactor length versus bed composition at
900.0 K. It is shown that the effective length passes through
a minimum with increasing the concentration of catalyst 2 in
the bed. The occurrence of the minimum could be due to the
interaction of many factors such as the concentration of the
catalysts in the bed, temperature, pressure and the thermody-
namic equilibrium. This result indicates that the composition
of the catalyst bed should be controlled carefully.
Sensitivity analysis for the effect of feed pressure and cata-
lyst 2 concentration on the dimensionless effective reactor
length at low temperature of 700 K is shown in Fig. 12. It is
clear that the pressure has signiﬁcant effect on the dimension-
less effective reactor length.
Fig. 13 shows sensitivity analysis for the effect of feed pres-
sure and catalyst 2 concentration on the dimensionless effec-
tive reactor length at a temperature of 900 K. It is clear
shown that the increase of the temperature from 700 to
900 K affects the position of the minima.
Sensitivity analysis for the effect of the feed temperature on
the effective reactor length as a function of bed composition at0.0 0.2 0.4 0.6
0.4
0.6
0.8
1.0
L e
ff,
D
im
en
si
on
le
ss
 E
ffe
ct
iv
e 
R
ea
ct
or
 L
en
gt
h 
ε2
Figure 11 Dimensionless effective reactor length as a function of
catalyst 2 concentration.Pf = 280 and 520 kPa are shown in Figs. 14 and 15, respec-
tively. As it can be seen that for each temperature there is a
range of bed composition in which the effective length is satis-
ﬁed. Within the start and the end of each range there is an opti-
mum effective length. Increasing the temperature causes a
signiﬁcant decrease in the optimum effective length. It is inter-
esting that at the operating pressure of 280 kPa the increase in
temperature seems to shift the optimum value of the dimen-
sionless effective length to the left, i.e., towards low concentra-
tion of catalyst 2 as shown in Fig. 14, while at the operating
pressure of 520 kPa the increase in temperature has an oppo-0.2
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Figure 13 Effect of feed pressure and catalyst 2 concentration on
the dimensionless effective reactor length at low temperature of
900 K.
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Figure 14 Effect of feed temperature and catalyst 2 concentra-
tion on the dimensionless effective reactor length at Pf = 280 kPa.
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Figure 15 Effect of feed temperature and catalyst 2 concentra-
tion on the dimensionless effective reactor length at Pf = 520 kPa.
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Figure 16 Two beds at 700.0 and 800.0 K.
188 M.E.E. Abasharsite effect of shifting the optimum value of the dimensionless
effective reactor length to the right, i.e., towards high concen-
tration of catalyst 2 as shown in Fig. 15.
In order to investigate the effect of switching between low
and high temperature beds, the reactor is divided into two
beds. The ﬁrst bed is kept at 700.0 K and the second bed at
800.0 K. Four volume conﬁgurations having volume fractions
of 0.1, 0.3, 0.5 and 0.7 for bed 1 are considered. It is clearly
shown in Fig. 16, that for all conﬁgurations the switching pol-
icy achieves almost 100% conversion of ethylbenzene. The vol-
ume fraction conﬁguration of 0.7 shows the best conﬁguration
with respect to thermal characteristics since it is possible to
achieve high conversion of ethylbenzene by switching from a
long bed at low temperature to a short bed at high tempera-
ture. This is very interesting results, since it is known that
excessive temperatures have destructive effects on the catalysts
and the mechanical stability of the reactors. Moreover, the en-
ergy operating cost is high at elevated temperatures. On the
other hand the other three volume fraction conﬁgurations
(0.1, 0.3 and 0.5) achieve high conversion of ethylbenzene at
shorter total reactor length which may decrease the ﬁxed cost.
The volume fraction conﬁguration of 0.3 gives better perfor-Bed 1
Bed 2 f
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Figure 17 Two beds at 700.0 and 900.0 K.
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spect to the total reactor length. The temperature of the second
bed is further increased to 900 K and the results are presented
in Fig. 17. In this case the volume fraction conﬁguration of 0.1
gives better performance than the rest volume fraction conﬁg-
urations with respect to the total reactor length. Also in this
case, the volume fraction conﬁguration of 0.7 gives the best
conﬁguration with respect to thermal characteristics since shift
from low temperature to high temperature can be achieved
through a longer ﬁrst bed and a shorter second bed.
5. Conclusions
A rigorous steady state mathematical model based on the
dusty gas model is implemented to investigate the performance
of a novel reactor for efﬁcient simultaneous production of sty-
rene and cyclohexane by reaction coupling of ethylbenzene
dehydrogenation with benzene hydrogenation. In the range
of the parameters investigated, the simulation results reveal
that the introduction of the concept of dual-functionality of
the well-mixed catalyst bed has substantial increases in the
conversion of ethylbenzene and benzene (almost 100%) via
thermodynamic equilibrium displacement. It is found that sub-
stantial decrease in the reactor length is achievable by employ-
ing a reactor catalyst bed with different bed composition.
Effective operating regions with optimal conditions are ob-
served. An effective reactor length criterion is used to evaluate
the performance of the reactor under these optimal conditions.
The effective reactor length is found to be sensitive and fa-
vored by high feed temperature and pressure. It was also found
that the increase of feed pressure affects the position of the
minima of the dimensionless effective reactor length at differ-
ent feed temperatures. This shift of the minima could be due
to the complex interaction of the feed pressure with many fac-
tors such as the concentration of the catalysts in the bed, the
thermodynamic equilibrium and the kinetics. The results also
suggest that 100% conversion of ethylbenzene and benzene
at low temperature and shorter reactor length can be achieved
by maintaining the reactor beds at different temperatures. This
is very interesting results, since it is known that excessive tem-
peratures have destructive effects on the catalysts, the mechan-
ical stability of the reactors and the energy operating cost is
high at elevated temperatures. Moreover, these results also im-
ply that appreciable energy saving can be realized by this reac-
tor bed switching conﬁgurations. The mathematical model
results presented in this paper can be validated by an experi-
mental investigation that can be carried out in a bench scale
ﬁxed bed reactor of 1 m in length and 2.5 cm in diameter.
Two well-mixed catalysts should be loaded into the reactor.
Iron-promoted catalyst for the dehydrogenation of ethylben-
zene to styrene (reaction (1)) and nickel catalyst for hydroge-
nation of benzene (reaction (2)). This well-mixed catalyst
pattern can be made of composite pellets, i.e., the two catalysts
are co-extruded into composite pellets or two discrete types of
pellets that are physically well-mixed. This type of experimen-
tal setup is suitable to test the range of key parameters of feed
temperature, pressure, and the bed composition presented inthis paper. Future research should focus on different catalyst
layer conﬁgurations and rigorous optimization studies.Acknowledgement
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